The aim of the present research was to investigate the relative microbicidal reactions associated with the clearance of bacteria, as well as to evaluate the stimulative effects of three immunostimulants applied to shrimp in vivo.
MATERIALS AND METHODS
Experimental Animals.-Tiger shrimp (Penaeus monodon Fabricius), each weighing 30-40 g, were purchased from a local market and acclimated to 2.5% salinity/25?C pond water in a 120-1 plastic container for 2 days prior to our experiments. The stocking density was 4 individuals per 1.
Preparation of Bacterial Suspension.-The TG617 strain of Vibrio vulnificus (see Song et al., 1990) used for the clearance test was cultured overnight in tryptic soy broth (TSB containing 3% NaCI) at 28?C. Before immersion treatment, the concentration of bacterial suspension was adjusted to 107 CFU (colony forming unit) per ml of pond water. In addition, the V517 strain of Escherichia coli (see Macaina et al., 1978) was cultured overnight in TSB (tryptic soy broth, Difco) at 37?C, after which it was subcultured in 10 ml of TSB. After concurrent shaking and incubation for 2 h at 37?C, the resultant log-phase suspension was serially diluted in sterile 0.85% NaCI solution to a concentration of 5 X 103 CFU per ml for use in the bactericidal assay. of control shrimp as an index for comparing the effects of different immunostimulants on 0-generation.
RESULTS

Clearance of Viable Bacteria from Plasma
To study the clearance of Vibrio cells from the hemolymph of our experimental tiger shrimps, we calculated the number of viable cells of V. vulnificus present at 5 min, 3, 6, 12, and 24 h following waterborne infection using a plate count method. It showed that about 10% of bacteria could invade hemolymph when assayed at 5 min. The number of viable Vibrio cells decreased substantially in a short period of time; the total Vibrio cell count fell by two logs within 3 h and four logs within 6 h following infection. A very small number of viable Vibrio cells were detected at 12 h, but were completely undetectable at 24 h (Table 1) .
Anti-E. coli Activity of Plasma
In order to determine whether or not shrimp-clearance reaction is undertaken either via the plasma or the hemocytes, we examined the antibacterial activity of plasma, as well as intrahemocytic PO activity and 02-generation of shrimp in the three treatment groups. As shown in Table 2 , the survival index ratio of E. coli was less than 1 from 3-24 h following treatment with glucan or zymosan, but less than 1 only at 6 and 12 h in shrimps treated with Vibrio antigen. In addition, the SI of E. coli in the control group was greater than 1 in both experiments that were treated by zymosan and glucan, respectively. The result showed that the two control plasma groups did not exhibit anti-E. coli activity before stimulation.
Intracellular PO Activity A quantitative analysis of the stimulative effects of each of the three immunostimulants on intrahemocytic PO activity in shrimp showed that PO activities from 5 min to 1 day following immersion were all greater than those observed in control shrimp; however, on day 3 the separate PO activities of the three treated shrimp dropped to those observed in control groups (Table 3) . Our data on the ratio of PO activity in immunostimulated shrimp to that in control shrimp showed that intrahemocytic PO activity was increased by immunostimulant treatment immediately following immersion, with the greatest activity occurring at 3 h; in addition, we found that this activity lasted until day 3.
Intrahemocytic 02-Production
We also used NBT-staining to measure the generation of 02-by hemocytes for each of the three treatment groups. We found that 02-production was significantly greater in glucan-and zymosan-treated shrimp compared to control shrimp from 3-6 h following immersion. However, 02-production was greater in Vibrio antigentreated shrimp only at 6 h (Table 4 ). In addition, the strongest level of 02-production was detected at 3 h in glucan-treated shrimp, and at 6 h in both Vibrio antigenand zymosan-treated shrimp.
DISCUSSION
Our results show that about 10% of the viable bacteria could invade the hemo- Substances that have attracted the most research interest, especially in shore crabs, Carcinus maenas (L.), and lobsters, are bactericidins (Cornick and Stewart, 1968 Stewart, , 1975 . However, they were not found in the plasma (Smith and Ratcliffe, 1978), but were found in the hemocytes (Chisholm and Smith, 1991) . To the contrary, our re-search showed that antibacterial activity is detectable in tiger shrimp plasma concentrated by a factor of three. Such a quick antibacterial response can be enhanced by stimulation of shrimp with the three tested immunostimulants, but it was a short-lived response. Therefore, we conjecture that antibacterial substances found in shrimp plasma may be inducibly released from hemocytes by immersing shrimp in immunostimulants. Our data also show that not all control plasma has anti-E. coli activity before stimulation. The possible explanation of this variation is the variability of the growth of shrimp reared together under conditions typical of shrimp ponds in Taiwan. The phenomena also occurred in PO activity (Sung et al., 1994) . Further research is required to understand the details of immunostimulation.
Phenoloxidase can be activated in crustaceans in vitro by LPS (lipopolysaccharide), and it serves functions in nonself recognition and host defense (Smith and Soderhall, 1991); which include, as well, bactericidal activity and phagocytosis (Unestam and Soderhall, 1977) . Sung et al. (1994) have similarly reported the presence of PO in shrimp hemocytes. This enzymatic activity can be enhanced in vitro by beta-glucan treatment, which may contribute to the enhancement of disease resistance in tiger shrimp. In the present study, we confirmed that PO activity was stimulated in vivo by each of the three tested immunostimulants, and was seemingly increased before either antibacterial activity or 02-production. Smith and Soderhall (1983) reported that beta-1,3 glucans can activate the proPO activating system, and initiate a cellular defense reaction, such as degranulation. Therefore, we suspect that the proPO system in shrimp is probably similar to that in other crustaceans, and may play a role in both nonself recognition and help initiate antibacterial activity and phagocytosis.
We also found that PO activity levels varied considerably according to stimulant type; the stimulative effects of beta-glucan and zymosan were stronger than that of the Vibrio antigen. Soderhall and Hall (1984) reported that the proPO system in crayfish was triggered by such microbial products as LPS and beta-1,3-glucan, but through different activating pathways. Many studies showed that the activation of proPO system exerted by beta-1,3-glucan is specific via a beta-1,3-glucan binding protein ([GBP), which is found in the plasma of both insects and several crustaceans (Soderhall et al., 1994). However, in crustaceans, no specific factors have been found to bind to LPS until now. Hence, we suggest that the stimulative mechanism(s) in the proPO activating system of shrimp may differ according to the immunostimulant used, and that a 3GBP-like substance may be present in shrimp plasma.
Stimulated phagocytes are known to produce highly reactive oxygen species with powerful microbicidal activity. The earliest product among highly reactive oxygen species is 02-. Song and Hsieh (1994) reported that 02-and H202 play more important roles in microbicidal activity than do OC1-(hypochlorite) and MPO (myeloperoxidase) activity in tiger shrimp. Connors and Yoshino (1990) reported that hemocytes from Biomphalaria glabrata (Say) resistant to Schistosoma mansoni Sambon possess a greater capacity for generating superoxide anion than those taken from susceptible snails. Our results show that 02-production could be enhanced by treatment with the three immunostimulants. The greatest production of 02-occurred from 3-6 h poststimulation, and the stimulative effect lasted for no more than 24 h. Based on these results, we conclude that: (1) the phagocytotic hemocytes of shrimp could be activated to produce 02-and probably initiate the cascade of highly reactive oxygen species, all of which have the ability to kill invading microorganisms; (2) because of its rapid reaction rate, 02-was very important for acute responses; and (3) because 02-works nonspecifically and is thus capable of attacking host cells as well as microorganisms, a short-term response is required to confine the reaction to designated targets. Hence, work needs to be done on adequately maintaining the stimulative effects of immunostimulants for longer durations to enhance disease resistance in shrimp.
